Observation of one-way Einstein-Podolsky-Rosen steering 
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The distinctive non-classical features of quan- 
tum physics were first discussed in the seminal pa- 
per [lj by A.Einstein, B. Podolsky and N.Rosen 
(EPR) in 1935. In his immediate response |2j 
E. Schrodinger introduced the notion of entan- 
glement, now seen as the essential resource in 
quantum information [3— 5 J as well as in quantum 
metrology [6— 8j. Furthermore he showed that at 
the core of the EPR argument is a phenomenon 
which he called steering. In contrast to entangle- 
ment and violations of Bell's inequalities, steering 
implies a direction between the parties involved. 
Recent theoretical works have precisely defined 
this property [9j HQj . Here we present an ex- 
perimental realization of two entangled Gaussian 
modes of light by which in fact one party can steer 
the other but not conversely. The generated one- 
way steering gives a new insight into quantum 
physics and may open a new field of applications 
in quantum information. 

Steering can be described considering two remote ex- 
perimenters, Alice and Bob, who share a bipartite quan- 
tum state. Their local systems are in a mixed state 
and should, therefore, permit a decomposition into pure 
states. Schrodinger found that within quantum mechan- 
ics certain states do not allow such decomposition locally. 
Depending on the observable Alice chooses to measure, 
Bob's local state is decomposed into incompatible mix- 
tures of conditional states. So if pure states were a lo- 
cal complete description of Bob's system, this would re- 
quire some interaction from Alice to Bob. This is what 
Schrodinger named steering and Einstein later called the 
"spooky action at a distance". The first experimental 
demonstration of this effect was achieved by Ou et al. 
[IT], followed by a greater number of experiments as re- 
viewed in [12]. 

Steering is strictly stronger than entanglement, but 
does not entail a violation of a Bell inequality [13]. In 
contrast to the latter two, Alice and Bob have certain 
roles in the steering scenario which are not interchange- 
able. This intrinsic asymmetry leads to implications of 
inseparability criteria as shown in Fig. [I] The ques- 
tion arises [9] whether there are physical states certifying 
steering only in one direction for arbitrary observables. 
This one-way steering would lead to the peculiar situ- 
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FIG. 1: Implications of inseparability criteria. A vio- 
lation of at least one Bell inequality implies steering in both 
directions. If steering is only present in one direction, no Bell 
inequality can be violated. But any certification of steering 
implies that the state is entangled. The converse implications 
are not true: Entangled states are not necessarily steering 
states and steering does not imply the violation of a Bell in- 
equality. 



ation that two experimenters measuring the same ob- 
servables on their subsystems would describe the same 
shared state in qualitatively different ways. Where in 
general this question can not be answered yet, in the 
regime of Gaussian states and homodyne measurements 
the answer is yes. In a pioneering paper by H.-A. Bachor 
and co-workers, two-way steering with an asymmetry in 
the steering strengths was observed [13] . Their theoreti- 
cal analysis proposes a possible extension of their setup 
towards observing one-way steering. In a more recent 
theoretical work, an intra-cavity nonlinear coupler was 
proposed to generate Gaussian one-way steering [T5] . 

Here we propose and experimentally certify the re- 
alization of Gaussian one-way steering with two-mode 
squeezed states. Our states were generated by first super- 
imposing a squeezed mode with a vacuum mode at a bal- 
anced beam splitter. By introducing additional amounts 
of vacuum to Bob's mode the overall state's asymmetry 
was stepwise driven through the one-way regime, finally 
loosing all steering properties. The most significant one- 
way states were qualified by the Reid criterion giving 
0.908 ± 0.003 for the direction from Alice to Bob and 
1.206 ±0.004 for the reverse direction, where the normal- 
ization was chosen such that below 1 steering is certified. 

To analyze the steering scenario, we start with the bi- 
partite situation in which Alice sends quantum states to 
Bob. If Bob locally observes a mixed state, this can be 
decomposed into convex combinations of purer states. 
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FIG. 2: Gaussian one-way EPR-steering visualized in phase space. The local Wigner functions of a bipartite quantum 
state, as presented in this work, are represented by the grey ellipses as well as by the background clouds. The axes are not to 
scale. In the upper panels steering from Alice to Bob is shown. Two exemplary measurement results X\ and Pi are depicted by 
the green and blue line. The appertaining conditional states at Bob's system are depicted by the accordingly colored ellipses, 
with their uncertainties in the respective quadratures given by the arrows. Any hypothetical common refinement, depicted by 
the red ellipse in the inlay, may not exceed these uncertainties. Hence, it would violate the Heisenberg Uncertainty Relation, 
shown in black. In the lower panels a non-steering situation from Bob to Alice is shown. In this case a common refinement is 
possible, i.e. the uncertainty relation is not violated. 



These decompositions can be seen as more precise de- 
scriptions of his system. Indeed, any information that 
Alice has about the state will give a decomposition into 
conditional states. This can be seen in the upper panels 
ofFig.[2]for the case of a Gaussian system and quadrature 
measurements. Two exemplary measurement results X\ 
and Pi which Alice obtains on her system are depicted by 
the green and blue line. The related conditional states on 
Bob's side are shown by the accordingly colored ellipses. 
For all measurement results Alice can obtain, these el- 
lipses will have the same shape and just their position in 
phase space will be different. So Alice's X- and P-results 
give two different decompositions of Bob's system. 

The argument by EPR and Schrodinger is now, that 
measurements on Alice's side should not influence Bob's 
system. So the decomposition of Bob's state should be 
independent of Alice's choice of observable. This im- 
plies, that the conditional decompositions, which depend 
on Alice's choice, should have a common refinement, 
which does not depend on Alice's choice. This refinement 
should show an X-uncertainty that is at most as large as 
the one of Bob's X-conditional state (green arrow). At 
the same time, it should show a P-uncertainty that is 
at most as large as the one of Bob's P-conditional state 
(blue arrow). We have depicted this hypothetical state 
in the inlay as red ellipse. But this state would clearly 
violate the Heisenberg uncertainty relation, depicted by 
the black dotted ellipse. 

The absence of a common refinement leads to the con- 
clusion that Alice's choice of observable somehow changes 



the states of Bob's system, which Schrodinger called 
steering. More formally, we define a bipartite state to 
be steerable with respect to Alice's observables, if the re- 
sulting conditional state decompositions of Bob's state do 
not allow a common refinement. We say that the state is 
steerable from Alice to Bob, if there are some observables 
for which it is steerable. This description of steering is 
close to Schrodingers original presentation. It is equiv- 
alent to a modern definition based on the existence of 
certain classical models as given in the seminal paper [9] . 

Since we consider only Gaussian states and homodyne 
measurements, our description of steering is equivalent to 
a definition by M. Reid [TQl [16] . Her definition is based 
on Heisenberg Uncertainty Relations for conditional mea- 
surements of the amplitude and phase quadrature X and 
P of light fields. A state is steerable from Alice to Bob, 
if the following conditional Heisenberg Uncertainty Rela- 
tion is violated: 

V B \a{Xb)-V b]a {P b )>1 . (1) 

Here, Vb\a(Xb) denotes the conditional variance of Xb, 
i.e. the variance of Bob's measurements conditioned on 
Alice's results. We have chosen the units such that the 
right hand side is 1. A violation of this inequality is 
exactly what is shown in the upper inlay of Fig. [2] where 
the red ellipse is smaller than the black. 

Conversely, steering from Bob to Alice is certified if 
the following inequality is violated: 

Va\b{Xa)-V A \ b {P a ) >1 . (2) 
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This converse scenario is shown in the lower panels of 
Fig. [2] for the same quantum state as in the upper pan- 
els. Both measurement results which Bob obtains give 
related conditional states on Alice's side and permit two 
different decompositions. But this time these conditional 
decompositions do have a common refinement that does 
not violate the uncertainty relation. So, in terms of 
Schrodinger, Bob's measurements do not steer Alice's 
system, as an underlying description with pure states is 
possible. Therefore, the state analyzed in Fig. [2] shows 
one-way steering in the Gaussian regime. 



State preparation 

\ 




FIG. 3: Schematic of the experimental setup. A 

squeezed- light field at 1550 nm, produced by a squeezing cav- 
ity (SC), is superimposed at a balanced beam splitter with a 
vacuum mode. A variable beam splitter (vBS) is implemented 
in one output mode to change the contribution of a second 
vacuum mode. Measurements are performed by balanced ho- 
modyne detection where the measured quadrature is chosen 
by the phase (j)LO of the local oscillator (LO). 

The experimental setup we used to generate these one- 
way steering states is schematically shown in Figure [3] 
The continuous-wave 10.2 dB squeezed state at 1550 nm 
was generated by type I parametric down conversion in a 
half-monolithic cavity. After the superposition with vac- 
uum on a first balanced beam splitter, output mode B 
was sent through a half-waveplate and a polarizing beam 
splitter. This setup allowed the preparation of mode 
B with an adjustable contribution of a second vacuum 
mode. The measurements at A and B were performed by 
balanced homodyne detection. Both detectors could in- 
dependently choose the measured quadrature by adjust- 
ing the phase of their local oscillators. The signals of the 
homodyne detectors were simultaneously recorded with 
a data acquisition system. A more detailed description 
of the squeezed-light source, the homodyne measurement 
setup and the locking scheme is given in [T7] . 

Figure [4] shows the main result of this work. The con- 
ditional variance products from inequalities ([!]) and ([2| 
for Alice's ability to steer Bob (lower line, red) and Bob's 
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FIG. 4: Certification of one-way steering. Shown are 
measurement results of the conditional variance products ac- 
cording to the criteria |l]) and |2]) versus an increasing con- 
tribution of the second vacuum mode in mode B. One-way 
steering is observed if the value for one steering direction is 
below unity, whereas the value for the other steering direc- 
tion is above the unity benchmark. This is fullfilled in the 
white region and most significantly at a vacuum contribution 
of 50%, as shown by the measurement histograms. 



ability to steer Alice (upper line, blue) are plotted against 
the contribution of the second vacuum mode. For val- 
ues between 0% and 95% we performed a partial tomo- 
graphic measurement. In order to determine the means 
and standard deviations of the conditional variance prod- 
ucts a bootstrapping method was used. For 10 4 times we 
randomly chose 10 6 data points out of the total 5 • 10 6 . 
From these we calculated the two conditional variance 
products for each data set. A histogram of these values 
for 50% vacuum contribution is shown in the small boxes 
in Fig.[4j This is the setting where the observed one- 
way steering effect becomes most obvious. For Alice (left 
box) the mean of 0.908 is 31 standard deviations below 
1 whereas for Bob (right box) the mean of 1.206 is 53 
standard deviations above 1. 

The two solid lines in Fig. [4] are theory curves taking 
into account the optical detection efficiencies and the pa- 
rameters of the squeezed-light source. For a vacuum con- 
tribution smaller than 39%, both Alice and Bob can steer 
the respective remote subsystem, whereas for a contri- 
bution larger than 70% neither of them can. One-way 
steering is observed precisely between these two values 
in the white region in Fig. [4j 

While for our present experiment one of the output 
modes of the variable beam splitter was dumped, a tri- 
partite situation arises when instead a third party, Char- 
lie, receives this mode. For symmetry reasons Alice 
would then also be able to steer Charlie, in fact, simul- 
taneously to Bob. We can further say, that neither Bob 
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can steer Charlie nor conversely since the input of the 
second beam splitter already has a vacuum mode contri- 
bution of 50% due to the first beam splitter. Steering in 
the presence of just one squeezed mode is only possible 
for vacuum contributions less than 33% [18] . 

In conclusion, our experimental scheme provided the 
generation of Gaussian one-way steering with high sig- 
nificance. The criterion for steering from Alice to 
Bob was violated by more than 30 standard deviations 
whereas criterion Q for steering from Bob to Alice was 
not violated with a significance of more than 50 standard 
deviations. Hence, depending on whether Alice tries to 
steer Bob's system, or Bob tries to steer Alice's system, 
our prepared state provided two opposing answers. This 
one-way property of EPR steering gives a new insight into 
the counterintuitive nature of quantum physics. It may 
have applications in bipartite and multipartite quantum 
key distribution and in information science in general. Its 
full nature, however, is up to now basically unexplored. 
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